INTRODUCTION
Avian Influenza A viruses occur naturally among bird populations worldwide (Webster, et al. 1992) . While most of these viruses cause only a mild to asymptomatic infection, highly pathogenic (HP) avian influenza A viruses (restricted to avian influenza viruses of the H5 and H7 subtype) can have an extremely high mortality rates of up to 100% (Webster, et al. 2006) . Both low-pathogenic and HP viruses may cause severe disease in humans, as has been documented during sporadic outbreaks resulting from avian-to-human and even from human-to-human transmissions (Buxton Bridges, et al. 2000 ) (Du Ry van Beest Holle, et al. 2005) . As a recent example, the outbreak of H7N9 viruses in early 2018 caused over 1567
infections and 615 deaths among people in China (Lam and Pybus 2018) . Low virulence lineages of avian influenza viruses can mutate to highly virulent strains, resulting geographically and temporally independent HP outbreaks that have generated huge economic losses in the poultry industry, and pose an increased risk for avian-to-human spread (Dhingra, et al. 2018 ) (Short, et al. 2015) . Thus, understanding the mechanisms driving the evolution of virulence in avian influenza viruses is critical. Although virulent phenotypes are complex traits (Hatta, et al. 2001 ) (Jackson, et al. 2008 ) (Conenello, et al. 2007 ) (Schmolke, et al. 2011 ) (Qi, et al. 2014 ), one of the best characterized molecular markers of pathogenicity for avian influenza A viruses is a polybasic cleavage site (pCS) within the hemagglutinin (HA)
protein, rendering the viral protein a target for broadly expressed host proteases that facilitate a systemic spread (Horimoto and Kawaoka 1994) (Abdelwhab, et al. 2016 ) (Hulse, et al. 2004 ).
Parallel molecular evolution describes repeated evolutionary changes leading to the same phenotype in unrelated populations, resulting from the adaptation by natural selection to comparable ecological niches (Stern 2013) . The chances for adaptive evolution to occur increase as selective pressures and population sizes grow, such as during viral outbreaks (Stern 2013 ) (Pond, et al. 2012) . Comparably, a combination of high rates of mutation and replication and a constrained genome size intrinsic to RNA viruses, coupled with consistently variable environments, results in fewer mutational pathways that can lead to a given phenotype, thus increasing the chances for parallel evolution to occur (Pond, et al. 2012) . We hypothesize that the parallel evolution of HP lineages from low-pathogenic ancestors is characterized by the repeated emergence of permissive or compensatory secondary mutations occurring anywhere in the viral genome. Such mutations might arise prior to or immediately after the evolution of a polybasic cleavage site, in order to compensate detrimental effects on fitness, thus promoting evolvability of the HP phenotype. An analogous process has been shown for the evolution of oseltamivir resistance in human H1N1 viruses (Bloom, et al. 2010 ). We developed a comparative approach integrating phylogenetics, molecular selection analysis and structural biology, to identify genome-wide mutations that exhibit parallel evolution in independent lineages, and we applied this approach to HP H7NX avian influenza A viruses. The advantage of such an approach compared to the frequently used contrasting presence/absence of molecular traits within individual HP outbreaks is that including a larger number of compared lineages should increase both the accuracy of detection of positive selection (Anisimova, et al. 2002) and helps avoids Type I errors in finding true genotype-to-phenotype links (Bhattacharya, et al. 2007 ).
We identified fifteen mutations within the PB2, PB1, NP, HA and NS1 gene segments and a deletion within NA gene (N1 and N3 subtypes), that evolved and emerged parallelly in distinct HP avian Influenza A lineages. Ranking these mutations according to their strong association to the HP phenotype generated a mutational panel that may function as an early detection system for transitional stages between low pathogenic to highly pathogenic phenotypes. Few of the mutations detected were inferred to be evolving under positive selection using standard techniques. Most involved conservative and fairly stabilising amino acid changes within effector domains in the solvent exposed surface of the proteins, but with no direct interactions with other residues or ligands. These results suggest that many of the parallel mutations detected may be selectively neutral or nearly neutral in the context of influenza virus genomes that lack a polybasic cleavage site conferring high virulence. It is therefore likely that these mutations fluctuate in frequency, through time and among locations, either through strong genetic drift or because they are linked to positively selected mutations elsewhere in the genome, such as the pCS. The total number of sequences used for each genome segment dataset were the following: PB2 n= 1856, PB1 n= 1787, NP n= 1480, HA n= 2217 and NS1 n= 1231.
METHODS

Large-scale phylogenetic analysis
Datasets was edited into the correct reading frame and aligned using MAFFT (Katoh, et al. 2002) . Initial large-scale phylogenetic trees were estimated from nucleotide sequences using RAxML under the GTR+G model, and bootstrapping with 100
replicates (Stamatakis 2014) . All HP clusters were flagged within the large-scale topologies according to the presence of more than one basic residue within the consensus cleavage site in the HA protein sequence, and by confirming their HP status with case reports in the literature (Dhingra, et al. 2018 ).
Subsampling and cluster selection
In order to carry out further analyses in a computationally feasible way, we subsampled the large-scale datasets. Selection of HP clusters to generate reduced phylogenies was done in a phylogenetically-informed manner, based on the HA large-scale tree. Genetically-distinct HP lineages were selected based on their segregation into well supported clusters (bootstrap values >80), the presence of ≥ sequences, and on the availability of immediately ancestral sequences. Additionally, a subset of ≥ 150-300 sequences from the phylogeny backbone and a group of more distal ancestral sequences (for rooting purposes) were randomly selected. Equine and other non-avian host HP H7NX viruses were excluded, as it has been shown that these have host-specific independent rates of molecular evolution and could be a confounding factor our phylogenetic analyses (Worobey, et al. 2014) . Datasets were aligned as described and were screened for recombination using the RDP, GENECOV and BOOTSCAN programs available in RDP3 package under default settings (Martin, et al. 2010) . No evidence for recombination was detected by three or more methods under a P-value of < 0.001 (Bonferroni corrected). Final trees were estimated for each segment using RAxML under the GTR+G model and bootstrapping with 100 replicates (Stamatakis 2014) . The HA alignment was edited to remove the cleavage site region prior to phylogeny estimation. All nine genetically distinct HP lineages selected from the HA tree were supported by the clustering pattern observed in the other gene trees. The total number of sequences used for the reduced alignments were the following: PB2 n= 208, PB1 n=208, PA n=197, NP n=205, HA n=322, M1 n=159 and NS1 n=164. For the NA subtypes (total n=211): N1 n=45, N2 n=10, N3 n=84, N4 n=4, N6 n=2, N7 n=33, N8 n=4 and N9 n=28. The varying number of sequences used for each dataset and missing clusters within some of the gene trees is due to the lack of complete genomes for all strains.
Accession numbers are available in the Supplementary File 1.
Detecting parallel mutations and linking them to the HP phenotype
Variable sites that were present in ≥ 1% of the sequences in the reduced alignments were selected to analyse their evolutionary history through reconstruction of ancestral states under the Maximum Likelihood framework, implemented by the "ace" function of the "ape" R package. The resulting phylogenetic trait reconstructions were visually inspected to determine any evolutionary patterns denoting parallel evolution. This was defined as amino acid changes shared by at least two HP clusters and which were present in at least 80% of the HP sequences, but not present the rest of the tree. extracted from the global alignments and back-traced to the original flagged trees. A non-random phylogenetic distribution is considered when the sequences linked to a given mutation cluster within determined HP lineages, rather than being dispersed randomly throughout the tree.
Analysis for molecular positive selection
For the gene segments where parallel mutations were previously detected (PB2, (Murrell, et al. 2012 ) ) implemented in the HyPhy package ) were used to test for pervasive and episodic selection acting a site, branch and branch-site level (Delport, et al. 2010) . For all models, significance was assessed with LRTs against the null hypothesis using a χ 2 distribution at a threshold of p-value ≤ 0.05, after correcting for multiple testing.
Reconstruction of ancestral states for positively selected mutations
For the genome segments were parallel mutations evolving under positive selection were detected (PB1, HA and NS1), we ran reconstructions of ancestral states for the sites of interest using BEAST v 1.8 (Drummond, et al. 2012) . Trees were estimated using tip-dated datasets under the SRD06 nucleotide substitution model, a strict clock and a Bayesian Skyline Coalescent tree model. For each alignment, partitions were generated corresponding to parallel mutations identified and were run under an asymmetric model, reconstructing ancestral states for all nodes. MCMC chains were run for 100x10 6 or until convergence was reached for parameters of interest.
Maximum clade credibility (MCC) trees were summarized from the posterior distribution using TreeAnnotator removing 10% of burn-in (Drummond, et al. 2012) .
Inferring the effects of mutations on protein stability and function
To determine the location and hence functional relevance of the identified mutations, protein 3D structures were modelled from existing structural data available in the PDB (https://pdb101.rcsb.org/), using representative HP sequences from our datasets as a query. The high-resolution model from bat Influenza A/H17N10 (PDB ID:4WSB) was used as a template for the polymerase complex, as this is the only structural data available to date. The Influenza A/H5N1 nucleoprotein (PDB ID:2Q06) was used for the NS1 protein, and the crystal structure of a H7 influenza A virus hemagglutinin (PDB ID:3M5G) was used for the HA protein. For the HA and NS1
proteins, the I-TASSER server (Yang, et al. 2015) 
RESULTS
Evidence for parallel evolution in independent HP outbreaks
Large-scale phylogenetic analysis confirmed the divergence of H7NX viruses in two major geographically defined clades (the Eurasian and North American lineages) (Xu, et al. 2016 ) (Banks, et al. 2001) . Historical HP outbreaks corresponding to independent geographically and temporally defined lineages displayed for most of the cases a unique pCS sequence ( Figure 1A ). Low-pathogenic H7NX viruses showed a consensus sequence of -PEXPKGRGLF-within the cleavage site, whereas a minimal consensus -PEXPKXnK/RnRGLF-was identified for the HP viruses (Bosch, et al. 1981 ) (Abdelwhab, et al. 2016) . Nine different genetically distinct HP clusters (C1-C9) were selected from the inferred HA phylogeny ( Figure   1B ). These clusters also represented monophyletic clades in the rest of the genome segments phylogenies ( Supplementary Figure 1 and 2) . Clustering of HP lineages was generally sustained within all phylogenies, with the exception of C1, which segregated into C1.1 and C1.2 in the PB2, PB1, PA, M and NS1 trees. Clusters missing in some of the phylogenies is due to the lack of corresponding sequences for all viral genes. Although reassortment is frequent among avian Influenza A viruses (Lu, et al. 2014) , the consistent clustering of HP lineages in all trees provided little evidence that reassortment occurs within the HP lineages.
For each genome segment, we detected between 21 and 125 variable sites present in at least 1% of the sequences subsampled, with the HA segment being the most variable. Reconstruction of ancestral amino acid states revealed fifteen candidate parallel mutations present in at least two HP clusters and the immediate ancestral nodes, but not fixed in the rest of the tree (Supplementary File 2). For PB2, mutations R355K and V80I shared by C5 and C6 were detected. For PB1, mutation S152L shared by C6 and C9 and D154 in C2 and C6 were identified. For HA (in H7 numbering), mutation S136N shared by C1 and C8, A143T in C2, C5, C6, C7 and C8, M/L274I in C4 and C8, D384N in C6 and C8, and V438I in C3 and C8 were identified. Similarly, mutation S377N shared by C1, C2 and C8 was found in NP.
Finally, mutation T80S shared by C1.1 and C1.2, N127T in C1.1 and C6, D139N and V180I in C1 and C2, and D209N in C1.2, C6 and C8 were detected in NS1. We also identified a 22 amino acid deletion within stalk region of the NA (N1 and N3 subtypes, sites 54-75 in N3 numbering) associated with C2 and C7 (Table 1) .
Structural analysis of parallel mutations
Of the parallel mutations detected, non-conservative amino acid changes or mutations within functionally relevant regions of the viral proteins include: R355K in PB2, S152L and G154D/S in PB1, S136N and A143T in HA, and N127T, D139N, V180I and D209N in NS1 (Figure 2 ). Mutation R355K in PB2 is a conservative amino acid change within a solvent exposed loop of the electrostatic surface of cap binding domain. This site is in direct contact with first phosphates after the cap (Guilligay, et al. 2008) . Mutations S152L and G154D/S in PB1 are non-conservative amino acid changes within the core domain of the protein, but with no known important function.
Mutation S136N is associated with additional glycosylation known to facilitate evasion of Ab-mediated immunity (She, et al. 2017) , whilst A143T in HA is a nonconservative amino acid change located in a solvent-accessible region within the 130-loop proximal to the receptor surface. This site located within the antigenic pocket A, but has no direct interaction with glycan ligands (Yang, et al. 2010 ).
Mutation N127T in NS1 is a conservative change involved in protein kinase R activation (Mok, et al. 2012) . Similarly, D139N is a conservative change located within the nuclear export signal (Li, et al. 1998 ). This site also forms part a loopforming Interface B (residues 139-143) that directly interacts with the central fourhelical bundle of the antiviral protein TRIM25-CC (Koliopoulos, et al. 2018 ). Mutation V180I is located within the cleavage and polyadenylation specificity factor (CPSF) involved in the processing of pre-mRNAs (Mandel, et al. 2006) . This site is likely to interact with CPSF30, as inferred from the high-resolution atomic structure of the human polyadenylation complex (Sun, et al. 2018 ). Mutation N209 is located within a disordered tail interacting with importin alpha, which promotes the entry of viral proteins to the nucleus and is essential for virus replication (Melen, et al. 2007 ).
Finally, the 22 amino acid deletion found in NA is located within the stalk region of the protein. Although such a deletion does not have a direct functional effect, the conformation of the neuraminidase enzymatic pocket can differ depending on stalk length, with possible repercussions on its binding properties (Durrant, et al. 2016) .
Similarly, stalk deletions in NA are associated with increased glycosylation patterns in HA, shown to reduce receptor binding affinity (Li, et al. 2011) . Most of the parallel mutations detected represent conservative amino acid changes within core regions of the proteins and with no inferred direct residue-residue or ligand-residue interactions. These mutations also have mostly negative ddG values, rendering them as fairly stabilizing/neutral changes (Figure 3 ). However, we cannot rule out that the parallel mutations detected are of biological relevance, as epistatic interactions with other viral proteins and cellular factors cannot be inferred from these structural analyses.
Molecular selection analysis of parallel mutations
Branch, site and branch-site model testing using independent methods provided evidence for episodic and pervasive selection acting upon some of the parallel mutations associated with HP clusters, and upon specific HP lineages (C4 and C7) ( (Frost, et al. 2018 ). Thus, we show evidence that most parallel mutations, if they adaptive, represent permissive changes that can occur anywhere throughout the viral genome and are fixed through linkage and genetic sweeps before an outbreak. On the other hand, the role of selection acting upon individual HP lineages is less clear, as there is no evidence that the HP phenotype is advantageous and therefore favoured compared to the low-pathogenic variants (Saenz, et al. 2012) . For example, mathematical modelling has been previously used to hypothesise that the population dynamics of HP strains may be determined by their linkage to one or more specific antigenic variants, whose frequencies are driven by the dynamics of host immunity, rather than by mutability (Wikramaratna, et al. 2014 ).
Strong link between parallel mutations and the HP phenotype
In order to detect genotype-to-phenotype links, we determined the degree of association between each amino acid state of interest and the HP phenotype, and further explored the global phylogenetic distribution of the sequences linked to parallel mutations within the large-scale trees. A strong association between most of the detected mutations with the HP phenotype was supported by both χ 2 values and by an observed non-random phylogenetic distribution denoted by clustering linked to the HP phenotype (Table 1) . We acknowledge that the χ 2 test is not fully statistically valid, as we cannot dismiss count interdependency due to possible phylogenetic correlations (Bhattacharya, et al. 2007 ); thus, χ 2 values could be overestimated.
Correcting for this error implies developing complex models that are not readily available, and goes beyond the scope of this study (Ansari and Didelot 2016) .
However, it would be important to implement such models within our pipeline in the future to further correct such possible biases. To strengthen our ranking, we further added information on the biological properties of the mutations of interest, taking into account if these are in functionally relevant regions of the viral proteins, if they are evolving under positive selection associated to HP lineages, if they involve nonconservative amino acid changes or if they comprise stabilizing/neutral changes.
Considering all variables, the strongest genotype-to-phenotype association was found for mutations A143T and D384N in HA, G154D/S and S152L in PB1, R355K
and V480I in PB2, 377N in NP and D139N, V180I and D209N in NS1 (Table 1) . No genotype-to-phenotype association was detected for mutations S136N and V438I in HA and T80S in NS1. A strong association to HP was observed for the NA deletion in the N1 subtype, but not for the N3 subtype. Despite such deletion being previously linked the C2 viruses, other deletion patterns have also been repeatedly observed in six out of nine NA subtypes, including low-pathogenic H6NX avian Influenza A viruses (Li, et al. 2011) . It has been suggested that NA stalk deletions in avian influenza A viruses are strongly linked to the adaptation to domestic poultry (Munier, et al. 2010) , as supported by in vitro observations that the stalk truncation enhances replication and virulence of influenza virus in eggs and chickens (Sorrell, et al. 2010 ).
Therefore, the direct association of NA stalk deletions with the HP phenotype remains unclear.
DISCUSSION
Previous studies had pointed out parallel mutations (within the HA gene) in independent H7NX avian influenza A viral lineages, but had not associated these with the HP phenotype. Similarly, other studies had observed mutations linked to case-specific highly pathogenic outbreaks, but had not identified such mutations to be evolving parallely (Lebarbenchon and Stallknecht 2011) , (Monne, et al. 2014) , (Fusaro, et al. 2015) . For example, mutations A143T and S136N were characterized in HP H7N9 viruses circulating in China during 2017-2018 (corresponding to the C1 viruses here) (Lu., et al. 2018) . Similarly, mutation A143T was also detected in HP viruses form Pakistan (corresponding to C6), and in HP viruses from the Italy 1999-2001 outbreak (corresponding to C2) (Lebarbenchon and Stallknecht 2011) , (Monne, et al. 2014) . Mutations G154D/S in PB1, S377N in NP and D139N in NS1 were also previously associated with the emergence of HP viruses from low pathogenic progenitors during the Italy 1999-2001 outbreak (Monne, et al. 2014) , together with the 22 amino acid deletion in the NA gene (Banks, et al. 2001) . Similarly, mutation R355K in PB2 was detected in two epidemiologically linked outbreaks of low and highly pathogenic H7N7 viruses in Germany during 2105 (Dietze, et al. 2018 ).
Through our methodological pipeline, we have encompassed independent findings described in such studies, proving the efficacy of using a comparative phylogenetic approach to systematically provide evidence for parallel evolution within HP independent lineages. Moreover, some of these mutations seem to be shared with HP H5NX viruses (unpublished data), supporting the observation that a constrained genome size and similar selective pressures within comparably changing environments, result in restricted genomic pathways leading to the emergence of the HP phenotype. As parallelisms are common in avian influenza A viruses, the evolution of specific phenotypes can be forecasted, to some extent, by understanding repeating mutational patterns.
It is known that mutations with a functional impact almost invariably carry a fitness cost, but are frequently compensated by subsequent fitness restoring or permissive mutations (Frost, et al. 2018 is within a solvent exposed loop of the electrostatic surface of cap binding domain, whilst mutation V480I is close to the nuclear localisation signal. For PB1, mutations S152L and G154D/S are within the core domain of the protein. C) For NS1, mutation N127T is within a solvent exposed region involved in protein kinase R activation.
Similarly, D139N is located within the nuclear export signal and forms part a loopforming Interface that interact with the antiviral protein TRIM25. Mutation V180I is located within the cleavage and polyadenylation specificity factor (CPSF) and thus is likely to interact with the cellular CPSF30. Finally, mutation N209 is located within a disordered tail interacting with host importins. 
